A global, analytical potential energy surface for the ground electronic state of HOBr has been determined using highly correlated multireference configuration interaction wave functions and explicit basis set extrapolations of large correlation consistent basis sets. The ab initio data have been fit to an analytical functional form that accurately includes both the HOBr and HBrO minima, as well as all dissociation asymptotes. Small adjustments to this surface are made based on the limited experimental data available and by indirectly taking into account the effects of spin-orbit coupling on the OHϩBr dissociation channel. Vibrational energy levels are calculated variationally for both HOBr and HBrO up to the OHϩBr dissociation limit using a truncation/recoupling method. The HOBr isomer is calculated to contain 708 bound vibrational energy levels, while the HBrO minimum lies above the OHϩBr dissociation limit but is calculated to have 74 ''quasibound,'' localized eigenstates. Infrared intensities for all of these vibrational transitions are also calculated using MRCI dipole moment functions. The assignment of the HOBr states is complicated by strong stretch-bend resonances even at relatively low energies. In contrast to the HOCl case, these state mixings made it particularly difficult to assign the relatively intense OH overtone bands above v 1 ϭ2. The vibrational density of states of HOBr at the OHϩBr dissociation limit is determined to be 0.16 states/cm Ϫ1 . Comparisons to recent work on HOCl using similar methods are made throughout.
I. INTRODUCTION
Due to the particularly efficient ability of brominecontaining species to catalytically remove stratospheric ozone, ͑see, e.g., Refs. 1 and 2͒ there has been significant interest in their characterization. Hypobromous acid has been proposed to participate in stratospheric ozone depletion via the cycle [3] [4] [5] HOBr is formed both by the homogeneous gas phase reaction of the HO 2 radical with BrO, 4, 6 HO 2 ϩBrO→HOBrϩO 2 as well as by the hydrolysis of bromine nitrate 7, 8 BrONO 2 ͑aq͒ϩH 2 O→HOBr͑aq͒ϩHNO 3 ͑aq͒ on or in aerosol particles either at night in the stratosphere or under other low light conditions, such as Arctic haze events in the Arctic troposphere. The removal of HOBr in the lower stratosphere ͑Ͻ25 km͒ is dominated by its photolysis HOBrϩh→OHϩBr, while at higher altitudes the reaction with atomic oxygen 9 O͑ 3 P ͒ϩHOBr→OHϩBrO becomes more important. Of course, heterogeneous removal processes are also prevalent, especially in the troposphere, where the dissolution of HOBr in aerosol particles containing HBr, HCl, or H 2 SO 4 can lead to aqueous Br 2 or BrCl. 7, 10, 11 These latter species are then easily photolyzed to produce reactive bromine radicals.
Several experimental studies have concentrated on the photolysis and stability of HOBr due to its importance in the catalytic removal of ozone in the atmosphere. Many of these have dealt with the determination of its UV/visible absorption spectrum and cross sections in the gas phase, [12] [13] [14] [15] [16] [17] including the absorption band near 440 nm corresponding to a transition to its lowest lying triplet state. 14 The HO-Br dissociation energy, and hence the heat of formation of HOBr, has been determined by Ruscic and Berkowitz 18 to be р48.45Ϯ0.42 kcal/mol by monitoring the appearance threshold of Br ϩ from HOBr. The HO-Br near-threshold photodissociation dynamics of HOBr have been investigated by Sinha and co-workers 19 with characterization of the OH products by laser induced fluorescence combined with polarization and sub-Doppler spectroscopy. The HO-Br dissociation energy arising from that work, 49.25Ϯ1.0 kcal/mol, was slightly larger than the upper bound obtained by Ruscic and Berkowitz ͑though within their quoted uncertainty͒.
In order to facilitate atmospheric monitoring of HOBr, several high resolution spectroscopic studies have also been carried out on this species. All three vibrational fundamentals have been observed for both HOBr and DOBr. [20] [21] [22] [23] [24] In contrast to HOCl, however, where numerous high-lying overtones and combination bands have been characterized up to the OHϩCl dissociation limit, only the first overtone of the BrO stretch 21 (2 3 ) for HOBr and the 2 ϩ3 3 combination band 23 of DOBr have been reported. Analysis of the pure rotational spectra 25 of HOBr has led to an accurate estimate of its equilibrium structure, 22 as well as the permanent dipole moment of DOBr.
There have been relatively few theoretical studies of HOBr that included dynamical electron correlation effects. One of the earliest studies was that of McGrath and Rowland, 26 who calculated a heat of formation value using Gaussian-2 theory. The coupled cluster study of Lee 27 employed a TZ2P basis set to determine the equilibrium structure, harmonic frequencies, and relative energetics of HOBr and its less stable isomer HBrO. Large atomic natural orbital ͑ANO͒ basis sets were also used in that work to more accurately predict the heat of formation and isomerization energy of HOBr. Anharmonic near-equilibrium potential energy functions of HOBr have been determined by Palmieri et al. 28 using multireference configuration interaction wave functions and a cc-pVTZ basis set, as well as by the present author 29 using the coupled cluster singles and doubles with perturbative triples method, CCSD͑T͒, with a large correlation consistent basis set. The CCSD͑T͒ method was also used recently by Li and Francisco 30 to characterize the equilibrium spectroscopic properties of HOBr, HBrO, and the isomerization transition state. The electronic spectrum of HOBr has been investigated previously by Francisco et al. 31 and more recently by Balint-Kurti and co-workers 32 and Lee et al. 33 ͑HOBr and HBrO͒. The present study stems from a more extensive investigation into the photodissociation dynamics of HOBr that includes the first three singlet states and lowest two triplet states. This work reports on the ground electronic state of HOBr using accurate multireference configuration interaction wave functions and explicit extrapolations of the oneparticle basis set to the complete basis set limit. The other four electronic states have been computed at the identical level of theory and these results will be reported at a later date. Section II describes the details of the calculations while Sec. III describes the analytical fit to the global potential energy surface ͑PES͒, minor adjustments to the ab initio PES, and the calculation of the vibrational eigenstates and infrared band intensities of HOBr and HBrO. The conclusions are summarized in Sec. IV.
II. COMPUTATIONAL DETAILS
The ab initio electronic structure calculations used to characterize the ground state potential energy surface of HOBr were nearly identical to those carried out previously for HOCl. [34] [35] [36] A series of three basis sets derived from the correlation consistent sets of Dunning and co-workers 37, 38 were used at every geometry considered. Specifically these corresponded to the standard cc-pVDZ, cc-pVTZ, and ccpVQZ basis sets augmented with diffuse spd ͑for Br and O͒ and sp ͑for H͒ functions from the corresponding aug-cc-pVnZ sets 38, 39 ͑resulting sets denoted AVDZ, AVTZ, and AVQZ, respectively͒. In order to include some treatment of scalar relativistic effects for the bromine atom, a relativistic effective core potential ͑ECP͒ from the Stuttgart group 40 was used on Br. The contracted spd functions that corresponded to the Br 1s2s2 p3s3p3d Hartree-Fock ͑HF͒ core orbitals were, of course, removed from the above basis sets, and the 4s4 p HF functions were recontracted in the presence of the ECP. Table I shows results at the MRCI/AVTZ level of theory ͑see below͒ comparing the spectroscopic constants of HOBr obtained in calculations both with and without an ECP. The effects are observed to be small, as suggested by previous Dirac-Fock benchmark calculations [41] [42] [43] on HBr, BrF, and Br 2 . Note that these observations are very different from the recent work of Balint-Kurti and co-workers 32 where different basis sets were used to compare results with and without an ECP. As in previous work on HOCl, [34] [35] [36] the regular convergence behavior of the correlation consistent basis sets used in this work was exploited by extrapolating the total energies at each geometry to the complete basis set ͑CBS͒ limit using the expression
where n is the cardinal number of the basis set ͑2, 3, 4 for AVDZ, AVTZ, and AVQZ, respectively͒ and E ϱ is the total energy at the approximate CBS limit. Recent studies have indicated that this functional form is among the most accurate for these sizes of basis sets. 45, 46 As demonstrated below, accounting for basis set truncation errors in this manner results in more accurate geometries and asymptotic energetics even in comparison to results obtained with the relatively large AVQZ basis set.
Electron correlation was treated at the internally contracted multireference configuration interaction ͑MRCI͒ level of theory 47, 48 with the addition of the multireference analog of the Davidson correction [49] [50] [51] for higher excitations (MRCIϩQ). The orbitals for the MRCI calculations were 3 AЉ, for a total of 12 states. Equal weights were used, except for the third state of each symmetry since they become very high in energy at short R BrO distances and caused convergence problems in the CASSCF. Thus the weights for these states were smoothly decreased from values of 1/12 at long R BrO distances to zero at R BrO ϭ3.474 bohr. The reference function for the internally contracted MRCI was identical to that used in the CASSCF and resulted in 302 configuration state functions ͑CSFs͒ for the X 1 AЈ state. Only the valence electrons were correlated. With the AVQZ basis set this resulted in just over 600 000 variational parameters. The MOLPRO suite of electronic structure programs 53 was used throughout the present work.
Also included in Table I are comparisons between results obtained with MRCI, MRCIϩQ, and CCSD͑T͒ wave functions with the AVTZ basis set. The ϩQ correction is observed to have a relatively small effect on the equilibrium geometry, with the largest differences between MRCI and MRCIϩQ being ϳ0.002 Å in R e ͑BrO͒ and 0.3°in ͑HOBr͒. The OH stretch and bending harmonic frequencies, however, are decreased with the addition of the ϩQ correction by about 10 cm Ϫ1 , which are then in better agreement with the CCSD͑T͒ results ͑and subsequently in better agreement with experiment as can be inferred below͒. Addition of the Davidson correction is also observed to be particularly advantageous in regards to D e ͑HO-Br͒, where the MRCIϩQ value is larger than the MRCI one by 2.1 kcal/mol.
III. RESULTS AND DISCUSSION
As a validation of the theoretical method chosen in the present work, including the basis set extrapolation procedure, near-equilibrium potential energy functions were initially calculated for HOBr, HBrO, and the HOBr→HBrO transition state ͑TS͒. A total of 41 geometries were sampled in the region of each of the two minima and 27 points for the region of the PES near the TS. These data were then fit to polynomials in simple internal displacement coordinates. The resulting equilibrium geometries, harmonic vibrational frequencies, and relative energetics as a function of basis set at the MRCIϩQ level of theory are shown in Table II . In each case, the calculated spectroscopic constants smoothly converge with basis set toward the CBS limit values. In general, the difference between the AVQZ and CBS results are small, although for instance the OHϩBr dissociation energy increases by 1.4 kcal/mol and the BrO equilibrium distances in HOBr and HBrO both decrease by about 0.004 Å. Both the HOBr→HBrO isomerization energy and barrier height are well converged with the AVQZ basis set. At the CBS limit the calculated MRCIϩQ value for D e (HO-Br) is lower than experiment 19 by about 1.5 kcal/mol, which is very similar to previous work 34 at the same level of theory for HOCl. The BrOϩH and HBrϩO( 1 D) dissociation energies both agree with experiment to nearly within their experimental uncertainties. The calculated MRCIϩQ/CBS equilibrium geometry for HOBr is in excellent agreement with the values estimated from experiment, 22 i.e., r e (OH) is too short by about 0.002 Å and R e (BrO) is too long by ϳ0.001 Å, while ͑HOBr͒ is slightly too small by about 0.2°. In the case of HBrO, it is interesting to note that its equilibrium BrO distance is significantly shorter than that of HOBr by more than 0.1 Å. Not surprisingly, the same behavior has been observed previously for the HOCl/HClO pair. 36 As discussed in detail by Lee et 28 with the cc-pVTZ basis set, 101.0°, is nearly 2°s maller than experiment ͑and the present AVTZ result͒ and is presumably due to the lack of diffuse functions in their basis set. The recent CCSD͑T͒ study of HOBr, HBrO, and the intervening transition state by Li and Francisco 30 is in good agreement with the results shown in Table II for the equilibrium structures. In their largest basis set calculations, 6-311ϩϩG(3d f ,3pd), they obtained a CCSD͑T͒ equilibrium isomerization energy of 58.9 kcal/mol and a barrier height of 78.6 kcal/mol. Their value for the isomerization energy is identical to the CCSD͑T͒/ANO4 value calculated previously by Lee. 27 These can be compared to the MRCIϩQ/CBS values of the present work of 61.1 and 79.3 kcal/mol, respectively. Due particularly to the more complete basis sets and more balanced correlation treatment used in the present work ͑the CCSD T 1 diagnostic has been shown in Ref. 27 to be twice as large for HBrO as for HOBr͒, these previous CCSD͑T͒ values for ⌬E isom and ⌬E b may be somewhat too small. In an attempt to confirm this, nearequilibrium CCSD͑T͒ potential energy functions were calculated with the AVTZ basis set. The resulting isomerization barrier height and isomerization energy of 78.1 and 59.3 kcal/mol, respectively, are smaller than the MRCIϩQ/AVTZ values shown in Table II by 0.7 and 1.5 kcal/mol. Hence the differences between the present MRCIϩQ and previous CCSD͑T͒ results is more of a correlation effect rather than imbalances in their basis sets, which is in direct contrast to the HOCl case. 36 The harmonic vibrational frequencies of HOBr and HBrO obtained in the present work are generally in good agreement with previous values, except in those cases where the BrO distance was calculated to be significantly too long, which led to BrO stretching harmonic frequencies that were too small by 10-20 cm Ϫ1 . In order to cover the global surface for HOBr, ab initio calculations were carried out at a total of 1259 geometries ͓each geometry treated with 3 basis sets and then extrapolated to the CBS limit via Eq. ͑1͔͒. Initially many of these were confined to a grid defined by r OH ͓a 0 ͔ϭ1. 4 but where geometries with values of r HBr Ͻ1.5 a 0 were omitted. This grid was then extended by computing many more points corresponding to longer OH distances, e.g., the HBrO isomer and the HBrϩO entrance channel. In addition, all of the data obtained above in the calculation of the nearequilibrium potential functions were also used in the construction of the global surface in order to better define the minima and isomerization transition state. As in previous work on HOCl, 34 energy of BrOϩH at the same level of theory. The total number of data points included in the analytical fit procedure was 1503.
A. Analytical representation of the global surface
The analytical fit was based on a many-body expansion 57 in the three bond lengths,
where R 1 , R 2 , and R 3 are the OH, HBr, and BrO separations, respectively. The sum of the one-body terms, V
, was computed as a supermolecule with R 1 ϭR 3 ϭ100 a 0 . The two-body, diatomic potentials were also computed on the triatomic PES with the third atom separated by 100 bohr. These diatomic potentials, corresponding to 
where zϭ(rϪr e )/(rϩr e ), and
In Eq. ͑5͒ the switching function f s (r) is defined by f s (r) ϭ1/͓e ␣ s (rϪr s ) ϩ1͔ with ␣ s being the damping strength parameter and r s was typically set to ϳ1 bohr longer than the maximum r data point used in the fit. The value of ␤ ϱ can be related 58 to the C 6 dispersion coefficient, ␤ ϱ ϭln͓2D e (r e ) 6 /C 6 ͔. Using the London formula ͑see, e.g., Ref. 59͒ and experimental values for the atomic polarizabilities and ionization potentials, 60 the C 6 values were fixed to ͑atomic units͒ 9.134 ͑OH͒, 38.845 ͑BrO͒, and 32.274 ͑HBr͒. In addition, the values of D e were fixed to the results from accurate polynomial fits to near-equilibrium data. In the case of OH, 17 points were fit with M ϭ8 to a root-mean-square ͑RMS͒ deviation of just 0.003 kcal/mol, while for BrO, 19 points were fit (M ϭ6) with a RMS error of 0.04 kcal/mol. As noted previously for the HCl potential energy curve in the case of HOCl ͑see, e.g., Ref. 36͒ the ground state of HOBr correlates with HBr(X 1 ⌺ ϩ )ϩO( 1 D), but at long HBr distances this surface leads to ground state oxygen atom. The resulting small barrier occurring in the HBr potential, which arises from interactions with upper excited states near dissociation, is not accounted for in this work ͑doing so would greatly complicate the form of the resulting three-body potential͒, and the low-lying energies are smoothly connected to the ground state atomic asymptote via Eq. ͑4͒. Thus for HBr just 12 points were fit (M ϭ5) to a RMS error of 0.04 kcal/mol. The three-body potential, V HOBr (3) , was obtained by subtracting the one and two-body contributions at each ab initio geometry. Because of the rather complicated topology of the ground state surface as shown previously for the very similar HOCl system, 36 i.e., two minima, an intervening saddle point, and conical intersections with other electronic states ͑see Ref. 36͒, an accurate fit to within a few tenths of a kcal/mol by an analytical function is a challenging task. After much experimentation, it was found that in order to obtain the most accurate fit for both HOBr and HBrO, as well as all three atom-diatom dissociation channels (OHϩBr, BrOϩH, HBrϩO), a switched multicenter representation similar to that used by Mladenovic and Schmatz 62 for the HCO ϩ /HOC ϩ system was found to yield the most satisfactory results. Refering to the coordinate system of Fig. 1 , the three-body term was expressed as
The stretching coordinates, i (iϭ1 -3), were taken to be
where the reference geometries, R i 0 , were approximately equal to the equilibrium bond lengths in the two-body potentials. The angular functions i corresponded to damped Legendre polynomials,
where the damping functions,
helped to smooth any spurious oscillations in the asymptotic regions. In Eq. ͑7͒, the function that smoothly switches between the HOBr (R 1 ϽR 2 ) and HBrO (R 2 ϾR 1 ) regions of the PES, ⍀ i (R 1 ϪR 2 ), is defined by
where the optimal value of the switching strength parameter, , was found to be 0.55. Stronger switching strengths were observed to result in the introduction of unphysical features into the PES. The highest degree of and terms in Eq. ͑7͒
were 9 and 7, respectively, for iϭ1, and 6 and 4, respectively, for iϭ2, which resulted in 363 linear parameters (d ilmn ). As discussed previously in detail for HOCl, 34, 36 there are several conical intersections present on the ground state PES of HOBr. The most prominent of these occurs at linear HOBr configurations ( 1 ϭ0), and the V a (3) function alone is not capable of accurately fitting this region. The additional function V b (3) has been added to account for this, as well as the other intersection at linear HBr-O geometries ( 2 ϭ0), and has the form
where the functions ⌶ j are cusplike functions for the conical intersections at j ϭ0°analogous to those used previously for HOCl. 64 The addition of V b (3) contributed 33 additional terms to the fit. Finally the last term of Eq. ͑7͒, , is a cutoff function that makes the three-body contribution exactly zero for small atom-atom separations,
for R i р␦ i .
͑13͒
The short-range repulsion is then represented only by the two-body potentials. This term was essential to avoid the occurrence of deep, unphysical wells at short range, especially in the BrO coordinate. It should be noted that the sums in Eqs. ͑7͒ and ͑12͒ have the usual constraints 63 so that V HOBr
is defined to be zero at all dissociation asymptotes. In the fitting of the three-body potential, unequal weights were assigned to the data based on the same weighting function used previously for HOCl. 36 In contrast to this previous work, however, the HBrO minimum was not given any special weighting in the present case. The final fit of 1503 MRCIϩQ/CBS energies resulted in the following RMS errors as a function of the energy above the HOBr minimum ͑all values in kcal/mol͒, 0рVр30 RMS errorϭ0.09, 30ϽVр60 RMS errorϭ0.19, 60ϽVр100 RMS errorϭ0.50.
The RMS error for all 1503 points was just 1.1 kcal/mol and included several points as high as 300 kcal/mol above the HOBr minimum.
B. Characteristics of the analytical PES
Equipotential contour plots of the fitted PES are displayed for HOBr internal coordinates in Figs. 2 and 3 . Qualitatively these are very similar to those shown previously 36 for HOCl. The conical intersection at HOBr ϭ180°between the lowest 1 ⌺ ϩ and 1 ⌸ states is easily observed in Fig. 2͑a͒ and the dissociation of HOBr to OHϩBr proceeds without a barrier. Figure 2͑b͒ , which displays the angular dependence of the r OH coordinate at fixed R BrO , clearly shows both the HOBr and HBrO minima and the intervening transition state, as well as the minor conical intersection at 0°, which also arises from an intersection of low-lying 1 ⌺ ϩ and 1 ⌸ states. As was also the case for HOCl, there is a barrier in the BrOϩH coordinate for HOBr angles near 70°at r OH distances of ϳ4 a 0 . This is also a result of an interaction with an excited 1 AЈ state. Figure 3 shows the radial dependence of r OH and r BrO near the equilibrium angle of HOBr ͑103°͒, where very little coupling between the two stretching coordinates is observed. A contour plot of the PES at HOBr ϭ180°͓Fig. 3͑b͔͒ exhibits barriers of ϳ15 kcal/mol for BrϩOH and ϳ10 kcal/mol for HϩOBr linear approaches. At ϭ33°, which is near the equilibrium angle of HBrO, Fig.  3͑c͒ demonstrates that HOBr is purely repulsive with respect to dissociation to OHϩBr ͓see also Fig. 2͑a͔͒ , while HBrO is clearly metastable. Equipotential contour plots of the fitted PES as a function of HBrO are shown in Fig. 4 for fixed r HBr ͑4a͒ and R BrO ͑4b͒. The approach of O( 1 D) to HBr is observed to be attractive for all angles, except near HBrO ϭ180°͑oxygen oriented toward the Br end of HBr͒. Figure  4͑b͒ is clearly analogous to Fig. 2͑b͒ with respect to displaying both the HOBr and HBrO minima near their equilibrium BrO distances. In addition, the approach of H to BrO is repulsive at both HBrO ϭ180°and 0°with a barrier ͓see also Fig. 2͑b͔͒ at HBrO ϭϳ70°.
Equilibrium geometries and vibrational frequencies calculated for the analytical, ab initio PES are shown in Table  III . The equilibrium geometry of HOBr is essentially identical to the values obtained from the CBS near-equilibrium potential shown in Table II , where the OH and BrO distances are slightly smaller and larger, respectively, than experiment. The anharmonic vibrational frequencies of HOBr calculated ͑see below for details͒ with the ab initio PES are in good agreement with the accurate experimental values. [20] [21] [22] The OH stretch fundamental, however, is too large by 28.5 cm Ϫ1 , and the bend and BrO fundamentals differ from experiment by ϩ13.7 and 4.7 cm Ϫ1 , respectively. The larger error for the OH stretch is due to missing dynamical electron correlation effects in the MRCIϩQ wave function, which also manifests itself in the somewhat too short equilibrium value of r OH . The equilibrium structure of HBrO calculated on the fitted PES ͑Table III͒ is also nearly identical to the CBS nearequilibrium values of , however, is well outside the expected error limits of the present ab initio value ͑2176 cm Ϫ1 ͒ and cannot be assigned to HBrO. The observed band at 668 cm Ϫ1 could possibly be assigned to the ͑001͒ BrO stretching fundamental of HBrO, but this would imply an error of Ϫ26 cm
Ϫ1
, which would be much larger than expected based on the HOBr results.
The lowest vibrational level of HBrO is calculated to lie 58.5 kcal/mol above the ͑000͒ level of HOBr, and places it 7.2 kcal/mol above the OHϩBr dissociation limit ͑9.4 kcal/ mol with the adjusted PES, see below͒. This is in contrast to HClO, where its lowest vibrational level was calculated to lie below the OHϩCl dissociation limit by 3.4 kcal/mol. 36 The isomerization transition state is calculated to lie 76.3 kcal/ mol above HOBr when zero-point vibrations are taken into account ͑17.8 kcal/mol above HBrO͒. Anharmonic vibrational calculations for the TS were carried out with the MULTIMODE code ͑see below for details͒, which yielded an imaginary frequency of 1087i cm Ϫ1 at the TS. This can be compared to the value of 1124i cm Ϫ1 calculated previously 36 for the HOCl→HClO TS ͑note that an incorrect value was inadvertently given in Ref. 36͒. The equilibrium energies of the atom-diatom asymptotes relative to the HOBr minimum are identical to the dissociation energies given in Table II .
Comparison of the vibrationally corrected values with experiment, however, shows an overestimation of D 0 (OHϩBr) and D 0 (BrOϩH) that is primarily due to the lack of spinorbit effects in the present calculations ͑see below͒. Both the equilibrium bond lengths and vibrational frequencies for the diatomics are of similar accuracy compared to experiment 66 as observed for HOBr. The fundamental frequency for the OH radical, however, is larger than experiment by just 15.4 cm
, while that of HBr is too large by 11.8 cm Ϫ1 .
C. Adjustments of the ab initio PES
As shown in Table III , the fitted ab initio PES results in fundamental vibrational frequencies for HOBr that are slightly too large in comparison with experiment. Particularly in the case of the OH stretching mode, these errors will presumably become unacceptably large for the higher ͑yet unobserved͒ overtones and combination bands. To improve the agreement with experiment for the fundamental vibrational states and provide more accurate predictions for higher energy states, small adjustments were made to the PES following the same strategy as in previous work on HOCl. 34, 36 First the HOBr minimum was shifted to the estimated experimental equilibrium geometry of Cohen et al. 22 Secondly, the coordinates were scaled [67] [68] [69] as
where the R i are the three internuclear distances and R i e their experimental equilibrium values. The three scaling parameters ␣ i ͑0.991 80, 0.991 60, 0.992 35͒ were determined by trial and error to give anharmonic vibrational energies in good agreement with the known fundamental vibrations of both HOBr and DOBr. 20, 23 Since the HBrO isomer has not been observed experimentally, no scaling has been attempted for this region of the PES, and both the geometry shift and scaling were smoothly switched off as R 1 ͑i.e., r OH ) became greater than 3 a 0 .
The third adjustment was to correct for the HO-Br dissociation energy, which has been determined by Lock et al. 19 to be 17.227Ϯ350 cm Ϫ1 (49.3Ϯ1 kcal/mol). Note that this is 2 kcal/mol lower than the MRCIϩQ/CBS value given in Table III . Much of this difference is due to the neglect of spin-orbit coupling in the present ab initio calculations; dissociation to the 2 P 3/2 state of the bromine atom is lower by 3.51 kcal/mol ͑Ref. 61͒ than the j-averaged limit ͑molecular spin-orbit coupling in OH adds an additional 0.2 kcal/mol͒. This effect, however, is mitigated somewhat by the underestimation of D 0 at the MRCIϩQ/CBS level of theory ͑see, i.e., Table II͒ . This situation is very different from similar work on HOCl, 34 where the combination of spin-orbit effects and errors in the ab initio treatment resulted in a D 0 within just 0.24 kcal/mol of the accurate experimental value. In order to make this relatively large adjustment to the ab initio D 0 of HOBr in a physically realistic manner, spinorbit coupling calculations were carried out on the HOBr→OHϩBr dissociation path for fixed r OH ϭ1.83 a 0 and (HOBr)ϭ103.2°. In these calculations, which were similar in principle to recent work on the spin-orbit splitting of the halogen atoms ͑F, Cl, and Br͒, 70 the cc-pVTZ, cc-pVTZϩp, and cc-pCVTZ basis sets were used for H, O, and Br, respectively. For these calculations, any f-type polarization functions were omitted from the basis sets. The full one and two-electron Breit-Pauli operator was used within the interacting states method as implemented in the MOLPRO program system. The spin-orbit eigenstates were obtained by diagonalizing Ĥ el ϩĤ SO in a basis of eigenfunctions of Ĥ el . The electronic wave functions employed in the determination of the spin-orbit matrix elements were obtained in frozen core singles-only MRCI ͑FOCI͒ calculations with a total of 12 S 2 states, i.e., all of the singlet and triplet states correlating with the ground electronic states of OH and Br. The orbitals for these calculations were identical to those described in Sec. II. Since the FOCI wave functions do not yield very accurate state separations, the most important diagonal elements of Ĥ el were replaced by MRCIϩQ/CBS values, i.e., those corresponding to the lowest five electronic states (X 1 AЈ, A 1 AЉ, B 1 AЈ, a 3 AЉ, and b 3 AЈ). The remaining diagonal elements were obtained as relative splittings from these MRCIϩQ/CBS energies using the FOCI results. Since the present calculations do not include core electron correlation effects, which have been shown to be very important in the case of Br atom, 70 the lowering of the asymptotic energy due to spin-orbit coupling is less than the experimental value by 185 cm Ϫ1 ͑1113 cm Ϫ1 vs 1298 cm
Ϫ1
͒. In addition, while the effects of spin-orbit coupling result in an energy lowering of the ground state at the equilibrium geometry by ϳ80 cm Ϫ1 ͑0.23 kcal/mol͒, nearly all of the coupling is completely quenched at R BrO distances Ͻ1.5*r e (ϳ5 a 0 ). An offset function, which was subsequently added to the BrO two-body energy, was then con- The effect of this offset on the calculated R BrO cut is shown in Fig. 5 . Of course, this offset should not be applied for HBr-O configurations and hence is decayed exponentially with HBr distance ͑i.e., for r HBr Ͻ3.4 a 0 ) to mimic the quenching of the spin-orbit coupling in HBr. Properties of this adjusted surface are also shown in Table III . The zero-point vibrational energies for HOBr, HBrO, and the TS are calculated to be 2765, 1870, and 1718 cm Ϫ1 , respectively. In regards to the asymptotic energetics, only the relative energy of the OHϩBr products are changed appreciably from the unadjusted ab initio PES. In addition, the geometry and vibrational frequencies of the transition state are also slightly different due to the BrO energy offset and the coordinate scaling. In particular, the imaginary frequency is increased slightly to 1101i cm Ϫ1 . Since the total effect of all adjustments was very minor, the adjusted surface is very similar to the original ab initio PES.
D. Calculation of vibrational eigenstates
The variational calculation of the HOBr and HBrO vibrational bound states (Jϭ0) was carried out using a truncation/recoupling method as described in detail elsewhere. 35 In these calculations the standard body-fixed Hamiltonian in atom-diatom Jacobi coordinates was used
where in the case of HOBr, is the reduced mass of Br to the center of mass of OH and AB is the reduced mass of the diatom defined by O and H. For HBrO, the diatom was taken to be BrO and R is the distance of H to the center of mass of BrO. The details for these calculations are very similar to those carried out previously for HOCl/HClO. 35, 36 For the calculation of the eigenstates of HOBr up to the OHϩBr dissociation limit, at total of 8500 3D basis functions were found to be sufficient to reasonably converge the highest energy bound states ͑i.e., within a few wave numbers͒. The 3D basis was constructed by recoupling 14 one-dimensional wave functions for r OH , defined on an interval from 1 to 6 bohr, with 1600 two-dimensional wave functions in R -␥ coordinates, where R ͑distance of Br to the center of mass of OH͒ was defined on the interval from 2.5 to 12 bohr and ␥ is the Jacobian angle. The two-dimensional wave functions were obtained by diagonalization of a reference 2D Hamiltonian in the direct product basis of 130 R by 60 ␥ wave functions. Calculations for both 79 Br and 81 Br were carried out for HOBr. In the case of HBrO, the basis set origin was placed at the TS geometry and a total of 12 000 3D basis functions were used. The box size was defined by intervals of 1.5-6 bohr in R and 2-8 bohr for r BrO . Lastly, 250 2D wave functions in R -␥ coordinates were recoupled with 70 1D wave functions for r BrO . The 2D basis was constructed from the direct product of 70 R by 70 ␥ wave functions.
A total of 708 bound states (Jϭ0) were calculated for HOBr using the adjusted PES. The assignment of the eigenstates was facilitated by inspection of coordinate expectation values from the variational calculations, plots of the vibrational wavefunctions, as well as by inspection of the expansion coefficients from vibrational calculations using the MUL-TIMODE VSCF-CI code. [71] [72] [73] [74] The MULTIMODE calculations utilized the state mixing technique 75 ͑V-CI͒ based on a virtual state expansion in a basis of eigenstates of a reference VSCF Hamiltonian. These allowed the straightforward assignment of 89 states for HO 79 Br and 82 states for HO 81 Br. 
where n i ϭv i ϩ 1 2 . ͑For HOBr v 1 is the OH stretch, v 2 is the bend, and v 3 is the BrO stretch.͒ The results of these fits are shown in Table IV . It should be noted that these coefficients are effective values and should not be equated to the usual near-equilibrium spectroscopic constants. Use of these Dunham expansions then facilitated the assignment of many more bands and was particularly useful in the interpretation of heavily mixed eigenstates.
Selected eigenstates of HO 79 Br and HO 81 Br are shown in Table V along with the current state assignments. The isotope splittings are generally very regular and amount to only about 1 cm Ϫ1 per quantum of BrO stretch. As expected, there is nearly no effect on the OH stretch or bending mode. As has been discussed in detail previously for HOCl, 76, 77 there are two types of vibrational resonances that can be expected to occur in HOBr, a 1:2 Fermi resonance between the bend and OBr stretch and a 3:1 resonance between the bend and OH stretch. In the case of HOCl the former dominated the spectrum while the latter was relatively unimportant. The existence of these resonances can decrease the number of ''good'' quantum numbers from three (v 1 ,v 2 ,v 3 ) to two, v 1 and the polyad quantum number Pϭ2v 2 ϩv 3 , or just one, namely, 3v 1 ϩ P. From a cursory inspection of several HOBr vibrational wave functions, the 1:2 Fermi resonance is also important in HOBr and some of these groupings can be easily observed in Table V . In fact this resonance comes into play at much lower energies for HOBr than in HOCl. At very low energies assignments can easily be made, as evidenced by the nodal patterns of the ab initio vibrational wave functions shown in Fig. 6 for polyad ͓v 1 , P͔ϭ͓0,6͔ as a function of the Jacobi R and ␥ coordinates. At only slightly higher energies, however, U-shaped or ''horseshoe'' families of wave functions begin to emerge 76, 77 as shown in Fig. 7 for polyad ͓0, 10͔, which starts at just 5668 cm Ϫ1 . Characterization of these wave functions is well outside the scope of this work, but has been investigated in detail for HOCl. 76, 77 In addition, since the v 2 fundamental in HOBr is about 100 cm Ϫ1 smaller than that of HOCl, the 1:3 nonlinear resonance between the OH stretching and bending modes strongly perturbs the higher energy vibrational bands in HOBr, particularly for v 1 у3, e.g., mixing between the ͑300͒ and ͑230͒ levels. The simple Dunham model indicates that the separations of the zeroth-order (v 1 ,0,0) and (v 1 Ϫ1,3,0) eigenstates decrease as 170, 110, 60, 25, and 10 cm Ϫ1 for v 1 ϭ1 -5. This results in many uncertain assignments at higher energies due to these strong state mixings, and the attempt to assign vibrational quantum numbers other than the single polyad number 3v 1 ϩ P is very questionable in these cases.
The ͑500͒ level is the highest bound OH overtone and lies ϳ800 cm Ϫ1 below the OHϩBr dissociation limit ͑Ϯϳ350 cm Ϫ1 ͒. This is in contrast to HOCl where the ͑600͒ level was measured 78 to lie 167 cm Ϫ1 below the dissociation limit. In various statistical theories of unimolecular reaction dynamics, 79 an important quantity is the vibrational density of states, (E). In the present case, a calculation of all the (Jϭ0) bound states of HOBr leads to a straightforward evaluation of its sum of states, N(E), and its first derivative, (E)ϭdN(E)/dE. In the present work, the density of states is obtained by double-sided numerical differentiation with a step size of 500 cm Ϫ1 . 62 The derivative ͑density of states͒ at the dissociation limit is obtained by the usual single-sided formula with the same increment, i.e., ͓N(E diss )ϪN(E diss Ϫ500)͔/500. The density of states at the dissociation limit is calculated in this manner to be 0.16 states/cm Ϫ1 . There is a small dependence, of course, in how this derivative is calculated. A polynomial fit to N(E) over the last 2000 cm Ϫ1 below dissociation leads to a density of states at the dissociation limit of 0.15 states/cm Ϫ1 . The values calculated for HOBr are essentially identical to the density of states previously derived for HOCl of 0.2 states/cm Ϫ1 . 35 The state count and density of states as a function of vibrational energy are plotted in Fig. 8 .
In the case of HBrO, where the lowest vibrational energy level lies above the OHϩBr dissociation limit, 74 quasibound localized eigenstates were calculated to lie below the energy of the isomerization transition state. This differs slightly from the HOCl/HClO case, where the first three vibrational states of HClO were truly bound with respect to OHϩCl. As in HOBr, inspection of coordinate expectation values and MULTIMODE expansion coefficients led to the initial assignment of 51 out of 74 states. These were then fit ͑RMS deviationϭ0.71 cm Ϫ1 ) to a Dunham expansion, which led to the coefficients shown in Table IV . Nearly all of the remaining eigenstates of HBrO could then be assigned. A selected number of these are shown in Table VI . While the states shown in Table VI ͒ and state number are given for each level. While the first few members of the polyad are easily assignable, i.e., the first two are the ͑050͒ and ͑042͒ states, the higher energy members converge toward the U-shaped wave function of level #42.
into the classically forbidden region under the TS. Nearly identical behavior was reported previously for HClO.
E. Infrared intensities
Dipole moments for HOBr and HBrO were calculated as expectation values at the MRCI/AVQZ level of theory. Those for HOBr were confined to the grid outlined in Sec. III, while those of HBrO were calculated at the 41 nearequilibrium points employed for the potential energy functions of Table II . In both cases the calculated dipole moments were rotated into Eckart reference frames, 80 and the resulting x and y components were then fit either by cubic splines ͑HOBr͒ or polynomials in simple displacement coordinates ͑HBrO͒. The effects of using a spline fit for HOBr were checked against near-equilibrium analytical fits and the errors were small and similar to those noted previously for HOCl. 35 Dipole moment matrix elements were computed using the eigenfunctions of the adjusted PES as discussed in Ref. 35 42 , and 10 km/mol͒. There appears to be a significant amount of intensity borrowing from the pure OH stretch overtone bands starting at ͑200͒. For example, the intensity of the ͑028͒ band is unusually large, 0.006 km/mol, but it is smaller by over a factor of 20 upon substitution of 79 Br with 81 Br, which evidently detunes this resonance. The ͑130͒ and ͑122͒ bands also appear to ''borrow'' intensity from the ͑200͒ state. As mentioned earlier, at relatively low energies it is already very difficult to make clean assignments based on v 1 v 2 v 3 quantum numbers, and from Table  IV it is obvious that the strong state mixing results in significant intensity borrowing as well.
The a and b components of the dipole moment of HBrO in its vibrational ground state are calculated to be Ϫ3.392 and 0.582 D, respectively. These are similar to those Table VI , the strongest infrared transitions are those for the fundamentals, which are calculated to be 91.4, 1.9, and 20.9 km/mol for v 1 , v 2 , and v 3 , respectively. The value calculated for the v 1 ͑HBr stretch͒ band is about a factor of 3 larger than the v 1 band intensity in HClO. In contrast to HClO, however, the ͑012͒ level mixes only weakly with the ͑100͒ state, leading to an intensity of just 1.1 km/mol.
IV. CONCLUSIONS
A accurate, global potential energy surface for HOBr has been constructed using highly correlated multireference CI wave functions and explicit basis set extrapolations to the complete basis set limit. The analytic functional form faithfully reproduces the ab initio data and results in an accurate description of both HOBr and HBrO, as well as all atomdiatom dissociation asymptotes. The resulting PES is appropriate for the study of the spectroscopy and unimolecular decomposition dynamics of HOBr, as well as reactive scattering calculations. After making small adjustments based on the limited experimental data, vibrational energy levels for HOBr were calculated variationally up to the OHϩBr dissociation limit. Where possible, assignments of these levels were made, but strong stretch-bend resonances strongly mix many of the bands, destroying the usual vibrational quantum numbers. None of the HBrO vibrational states are calculated to be bound with respect to the OHϩBr limit, but there are 74 states which are localized in the HBrO potential well. Permanent dipole moments and infrared intensities have been calculated for both HOBr and HBrO. The strong infrared intensities calculated for the fundamental transitions of HBrO may facilitate the detection of this species if it can be successfully produced.
In regards to the O( 1 D)ϩHBr reaction, the 0 K exothermicity calculated on the adjusted PES for OHϩBr products, Ϫ58.8 kcal/mol, is smaller than the experimental value (Ϫ60.0Ϯ1 kcal/mol) by just slightly more than the experimental uncertainty. In contrast, for the BrOϩH product channel, the adjusted PES yields a ⌬H(0 K) of Ϫ10.9 kcal/ mol, which is less exothermic by 3Ϯ1.4 kcal/mol than experiment. The latter error is due to a combination of the neglect of spin-orbit effects in BrO and residual errors in the MRCIϩQ wave function.
The analytical adjusted PES can be obtained on request from the author.
